148−160 Nd nuclei are studied with the self-consistent deformed Hartree-Fock (HF) and angular momentum (J) projection model. Spectra of ground band, recently observed K = 4 − , K = 5 − and a few more excited, positive and negative parity bands have been studied upto high spin values. Apart from these detailed electromagnetic properties (like E2, M1 matrix elements) of all the bands have been obtained. There is substantial agreement between our model calculations and available experimental data. Predictions are made about the band structures and electromagnetic properties of these nuclei. Some 4-qasiparticle K-isomeric bands and their electromagnetic properties are predicted.
I. INTRODUCTION
The study of rotational structures of neutron-rich nuclei is one of the main topics of nuclear physics. For rotational nuclei the coupling of single-particle and collective rotational degrees of freedom leads to a variety of phenomena [1] [2] [3] . The neutron number N=90 marks the beginning of deformed rotational features in the rare-earth region. This is seen in a number of nuclei in this region [4] [5] [6] . Lighter Neodymium isotopes show vibrational like behavior, while heavier isotopes display more rotational-like spectra [7] . In heavier Nd isotopes the active protons are filling in sdg 7/2 h 11/2 shell above Z = 50 shell closure and active neutrons in pfh 9/2 i 13/2 shell above N = 82 shell closure. Hence, these Nd nuclei are expected to show deformation properties and associated band structures. Some experimental informations [8] [9] [10] [11] [12] [13] are now available for the band structures of neutron-rich Nd nuclei and more results can be expected with the existing [14] [15] [16] as well as new generation facilities [17] [18] [19] [20] [21] for structure studies away from the valley of stability towards the neutron drip line. It is thus of great interest to make microscopic study of the structure of these nuclei and to know quantitatively the bands to be expected for these.
For a reliable description of the band structure, one needs a microscopic many-body self consistent procedure to give insight into the shape and intrinsic structure of the nucleus and angular momentum projection procedure to obtain the various J states from the intrinsic states. The model used should be based on residual interaction among nucleons in a reasonable model space. In this work we use deformed Hartree-Fock and Angular Momentum (J) projection method [22] [23] [24] for the study of band structures of even-even Nd nuclei (A = 148 − 160). We call the deformed HF and angular momentum projection the Projected Hartree-Fock (PHF) model. This self-consistent procedure ensures the correct particle number (for protons and neutrons) and gives eigenstates of angular momenta for the states of the bands. This model is known to take into account the configuration mixing in the active shell model space and hence gives a quantitative description of energy spectra and electromagnetic transitions in deformed nuclei [25] [26] [27] . The residual interaction is included self-consistently in building the deformed basis in this theory. Once the self-consistent HF calculation has been performed, one can build the intrinsic states of the bands by particle-hole excitations across the proton and neutron Fermi surfaces (the various quasiparticle configurations), besides the Hatree-Fock configuration. Subsequent J-projection from the deformed intrinsic configurations gives the spectra of various bands. Diagonalisation after projection can be done. Thus our model is very close to the shell model [28] and can predict new bands with higher energies and higher angular momenta.
The neutron rich Nd nuclei are well deformed (rotational states are known in 148 Nd-156 Nd). But the experimental information are quite limited. Only a few bands are known and they are not known to high spin values. No bands are know experimentally for the heavier neutron-rich Nd nuclei ( 158 Nd onwards). However, the current experimental facilities like spontaneous fission of 252 Cf, thermal neutron induced fission make it possible to study band structures of heavier deformed rare-earth nuclei. The experiment with spontaneous fission of 252 Cf is used by Zhang et al. [8] and
Gautherin et al. [10] to study yrast band, negative parity bands and bands based on K-isomers in 152,154,156 Nd nuclei. Recently, using the same technique, Simpson et al. [9] [29] . Motivated by such a good number of experimental observations and very few systematic theoretical descriptions so far of these nuclei we have study the band structures for a wider range of even-even Nd nuclei isotopic chain with mass numbers A = 148 to A = 160 in a self-consistent model (the PHF model).
This paper is organized as follows: some details of the theoretical formalism and calculation procedure are presented in Section II. The results and discussion are given in Section III. The various possible intrinsic configurations used in our calculations are presented here. Comparisons of theoretical results with available experimental data for energy levels, bandhead energies and electromagnetic properties for even-even 148−160 Nd are made. Finally we summarize our work in Section IV.
II. DEFORMED HARTREE-FOCK AND J PROJECTION METHOD

A. Deformed HF Formalism
The HF equation is derived from the nuclear Hamiltonian which consists of single-particle and residual two body interactions terms. The self-consistent HF method is a very useful technique to obtain nuclear mean field from two body interaction. Here we have used Surface Delta interaction (SDI) [23, 30] as two body residual interaction to get self-consistent wave functions. This is a reasonable interaction in this model space and has been used in many studies in this mass region [27, [31] [32] [33] [34] . The residual interaction causes mixing of single-particle orbits of nucleons, leading to an average deformed field (Hartree-Fock field). The deformed orbits are generated by the self consistent iterative of the Hartree-Fock equations. Here we use an axially symmetric basis with K quantum number for each intrinsic state. This is actually not a limitation of our model, because we can diagonalise among various K configurations after projection.
Let |ηm be a deformed orbit which can be written as:
where j is the angular momentum of the spherical single particle state and m its projection. The amplitude C jm of the spherical state |jm in the orbit η obtained by solving deformed Hartree-Fock equations
where ǫ j is the single particle energy of shell model orbit j(≡ nlj), V denotes the two-body interaction among nucleons and the density matrix
For axial symmetry one has the conditions m 3 = m and m 4 = m 2 . Equations (2) and (3) are solved iteratively till the convergence obtained. The state |ηm for protons and neutrons form the deformed orbits. The Slater determinants for protons and neutrons constitute the deformed intrinsic state |φ K .
B. Angular Momentum (J) Projection of our microscopic theory. Angular momentum projection from various intrinsic states gives the bands in a nucleus. The angular momentum projection operator is [35] :
Here R(Ω) is the rotation operator e −iαJz e −iβJy e −iγJz and Ω represents the Euler angles α, β and γ. For details of HF and angular momentum projection see Refs. [22, 23, 36] . The normalized state of good angular momentum (J) projected from intrinsic state |φ K can be given as
The matrix element of the nuclear Hamiltonian, containing single-particle and two-body residual interaction term, between two states of angular momentum J projected from intrinsic states φ K1 and φ K2 is:
where
Euler angles α and γ are integrated out because of axial symmetry and the remaining Euler angle β has to be integrated numerically. Reduced matrix elements of tensor operator T L between projected states ψ J1 K1 and ψ
J2
K2 are given by
where the tensor operator T L denotes electromagnetic operators of multipolarity L.
C. Bandmixing
In general, two states |ψ
and |ψ
JM K2
projected from two intrinsic configurations |φ K1 and |φ K2 are not orthogonal to each other even if the intrinsic states |φ K1 and |φ K2 are orthogonal. We orthonormalise them using following equation surface delta interaction as the residual interaction among the active nucleons in these orbits. The interaction has the following form (see Ref. [30] )
where R 0 is the nuclear radius, u 0 is the radial wave function. Here the radial wave functions are approximated to be same at the nuclear surface. V 0 is the strength of the interaction and is taken to be 0.3 MeV for proton-proton (pp), neutron-neutron (nn) and proton-neutron (pn) interactions in the present calculation. This interaction gives a good description of the systematics of deformations in this mass region [31, 32] . The Hartree-Fock solutions for even-even 148−160 Nd nuclei are given in Table II . Since the prolate shape is lower in energy than the oblate for these nuclei, we have used the prolate deformed Hartree-Fock solutions of 148−160 Nd for studying the band structures. As an example, the prolate HF orbits for 152 Nd are shown in Fig. 1 . The quadrupole deformation parameter (β) values obtained in the HF calculations are also listed in Table II . We have used the effective charges of 1.7e and 0.7e for protons and neutrons respectively. The experimental trend of β values (known for A=148-152) are reproduced quite well. The β values show an increasing trend till A = 160.
Because of time-reversal symmetry the nucleon orbits | ± Ω are doubly degenerate for these even-even nuclei. We make suitable neutrons and protons excitation across the Fermi surfaces and considered suitable intrinsic configurations for angular momentum projection. These intrinsic states are listed in Table III .
As one of our main interests is to study low-lying K-isomers, so it is important to give a closer look to the levels near the proton and neutron Fermi surfaces. Protons orbits based on h 11/2 (1/2) and h 11/2 (3/2) are just below the proton Fermi surface and orbits based on g 7/2 (5/2) and h 11/2 (5/2) are just above it. Hence, it is expected that these orbits can be coupled to give K = 4 and K = 5 isomeric states. In neutron side, the orbits near neutron Fermi surface are based on f 7/2 , h 9/2 and i 13/2 . The K configurations from proton side is uniform but as the neutron number changes through out the isotopic chain there are considerable variations around the neutron Fermi surfaces leading to the change in the configurations of K-isomers built on quasi-neutrons. 
B. Energy Spectra
Deformed Hartree-Fock and Angular Momentum Projection calculations are performed for even-even Nd isotopic chain with mass number A = 148 to A = 160. The energy spectra associated with each intrinsic state is obtained by angular momentum projection in the given model space and with surface delta residual interaction, using the formalism discussed in Section II. The energy spectra, band-head energies and other spectroscopic properties are shown in Tables IV-V and in Figures 2-14 for even-even 148−160 Nd isotopes. . The experimental transition energies are taken from Ref. [7] for 148,150 Nd, Ref. [8] for
152 Nd and Ref. [9] for 154,156 Nd. The experimental B(E2) and QS values are from Ref. [11] and that of g(J) are from Ref. [12] Transition Transition Energy (MeV) B(E2: 
The Ground Bands
The K = 0 + ground bands of even-even 148−160 Nd have rotational behaviour with the J values extending upto 32 in our calculations (we have shown the ground band upto about 26 because of limitations of energy scale) with the excitation energy about 10 MeV. Experimentally the K = 0 + ground bands of even-even 148−156 Nd nuclei are known upto about 16 and they are quite well described by our theoretical model (see Figures 2-6 ). The transition energies of few lowest states of these nuclei in comparison with available experimental data are compared in Table IV . For 158 Nd and 160 Nd energy spectra are not known experimentally and we predict a good rotational band structures for these nuclei as shown in Figures 7 and 8 (the bands in these figures are all predictions for these two neutron-rich nuclei).
The Negative Parity Bands
The nucleus 148 Nd exhibits a low-lying negative parity band with 3 − state lying below 1 − in an early beta decay experiment by Walters et al. [37] and later it was extended by Ibbotson et al. [38] . Our band mixing (by mixing B2, B3 and B4 as given in Table III for 148 Nd) calculation reasonably reproduces the spectrum of this band with 3 − state lower in energy than 1 − state as in experiment. The lowest band after band mixing calculation is compared with the experimentally observed band and shown in Fig. 2 . The bandhead energies of the calculated K = 1 − and K = 2 − negative parity bands are listed in Table V . In Fig. 3 , the calculated K = 1 − band for 150 Nd is compared with the experimentally known negative parity band [39] . Though the calculated bandhead energy is about 400 keV higher than that of the experimental value, good agreement of moment of inertia between the calculated and experimental bands help us to conclude that the negative parity band could be of
) origin as predicted in Ref. [32] . We have also predicted the unfavoured even-J branch of this band. The intensity to populate these unfavoured states may be small, but still can be looked for with multi-detector arrays. The signature splitting in this band is evident from the doublet structure because of the rotational alignment of πh 11/2 .
After mixing a few low energy intrinsic configurations (B2, B3 and B4) for 152 Nd we obtained negative parity bands. The calculated negative parity bands are compared with experimental K = 0 − and K = 1 − bands (see Fig. 4 ). The signature splitting is observed in our calculation for both the bands. For K = 0 − band only lowest 3 levels of odd-J branch are experimentally known [40] and these are compared with our calculated favoured branch. The other branch is not observed in experiment. From an early experiment Hellström et al. [40] find a K = 2 − band but recently Yeoh et al. [29] assigned this as a K = 1 − band with configuration ν5/2
Experimentally this band is known upto 12 (only even J states). We have compared our calculated K = 1 − band with this in Figure 4 .
− band is also known experimentally for 154 Nd [9] . The calculated band in comparison with available experimental data is shown in Fig. 5 . An excellent agreement is obtained between calculated and experiment spectra for this isotope. No K = 1 − band has been observed experimentally for 156,158,160 Nd. Our predictions for these bands are shown in Figures 6-8 .
The K-Isomer Bands
Experimentally a low lying K = 5 − band (with a few states built on the bandhead) is known in 156 Nd [9] , while for 154 Nd only a single K = 5
− isomeric state in known [10] . We find low lying K = 5 − bands for all Nd nuclei studied in this article (see configurations in Table III ). In our PHF calculation the K = 5 − proton 2-qp band is lower in energy by about 5 MeV than the K = 5 − neutron 2-qp band for 148 Nd (see Fig. 2 ). In all other cases (for A = 150 − 160) the neutron 2-qp bands are lower in energy. There is a large energy gap between the filled and next unoccupied orbit on the neutron side in ground state configuration of 148 Nd. Therefore it requires more energy to excite particles across the neutron Fermi surface. While for the other isotopes the orbits are closed to the Fermi level so low energy neutron excitations are possible. There is no experimental evidence for the K-isomer band in 150 Nd. Our predictions for 2qp K-isomer band for 150 Nd and 152 Nd are shown in Fig. 3 and Fig. 4 respectively. The calculated K = 5 − isomeric band for 154 Nd is given in Fig. 5 and compared with experimental findings [10] . Our predicted K = 5 − band-head is about 300 keV higher than experimental value. Similar K = 5 − band is recently observed for 156 Nd [9] and this band is experimentally known upto 13 . We predict reasonably this band and our calculated band is extended upto 32 . Apart from these we have also studied K = 4 − 2-qp bands from protons/neutrons excitations and these are listed in Table V [41] . As it can be seen from the Table V that proton 2-qp K = 4 − bands are low lying with bandhead energies less than 2 MeV (except for 152 Nd it is about 2 MeV). For Nd isotopes with N > 98 the i 13 2 (7/2) state is very close to the neutron Fermi surface so we obtained a low-lying neutron 2-qp K = 4 − band with bandhead energy about 0.5 MeV for 160 Nd. Apart form the 2-qp bands we have also studied the 4-qp K = 8 + , K = 9 + and K = 10 + bands obtained from the combination of proton and neutron 2-qp excitations. Our predictions for these bands are shown in Figures 2-8 . All these bands are identical (bandhead energies and electromagnetic properties are shown in Tab. V) for the nuclei studied here and for neutron rich nuclei these high-K isomer bands are low-lying. The configurations for these bands are also listed in Table III . 
C. Electromagnetic Properties of Bands
B(E2)
Apart from the energy spectra we have calculated the reduced transition matrix elements e.g. B(E2), B(M1). The B(E2) values for a transition from an initial state αJ 1 to final state βJ 2 is given by
where the summation is for quadrupole moment operators of active protons and neutrons. The effective charges of 1.7e and 0.7e are used for protons and neutrons respectively in our calculations. The calculated B(E2) values for ground state bands are given in Table IV Figure 12 , the experimental trend reasonably reproduced with our calculations.
B(M1)
The reduced magnetic dipole transition moments between initial and final states are given by
where g l and g s are orbital and spin g-factor respectively. The g-factors of g l = 1.0µ N and g s = 5.586 × 0.5µ N for protons and g l = 0µ N and g s = −3.826 × 0.5µ N for neutrons are used for B(M1) calculations. The quenching of spin g-factors by 0.5 is taken in account to consider the core polarization effect [42, 43] . Nd also shows a similar trend. From Fig. 13, for 148 Nd we can see that at high spin above J=25, both the 2-qp bands show staggering in B(M1) values and it is more prominent in case of neutron 2-qp band because of the doublet structure of these bands at high spin values. For transitions within doublets, the terms contributing to reduce M1 matrix elements are large resulting this staggering effect. For 4-qp bands we notice that the B(M1) values are very small, where the contributions from neutron spin is comparable with that of proton; but as g-factor of neutrons is opposite sign to that of protons, they cancel each other giving a very small net quantity. Similarly for K = 1 − bands (from proton excitations) the B(M1) values are also very small and shown in Fig. 14. 
3.
Spectroscopic Quadrupole Moment (QS)
The spectroscopic quadrupole moment of a state with angular momentum J is given by
We have calculated the electric quadrupole moments for band head as well as other spin states for all bands. The calculated values are given in Tables IV-V. The experimental values are only known for ground state band and comparisons are given in Table IV . The known experimental results are nicely reproduced in our calculations.
4.
Magnetic Dipole Moment (µ) and g-factor
The magnetic dipole moment (µ) of a state with angular momentum J can be expressed as
where i=p and n for protons and neutrons respectively. The gyromagnetic factor (g-factor) of state J is defined as
where µ(J) is the magnetic moment of state J. The g-factors for ground state band for different J values are calculated and are given in Table IV . Experimental data are only available for 148,150 Nd [11] . In our calculations, for 148 Nd the values are overestimated and for 150 Nd, the calculated values are reasonable in comparison to experimental values except for J=10. The magnetic dipole moments for K-isomer and negative parity bands are calculated and given in Table V . No experimental data is available for these bands. The magnetic moments for the K = 5 − neutron 2-qp bands are lower than the proton 2-qp bands.
IV. CONCLUSION
The neutron-rich even mass Nd nuclei have interesting quadrupole deformation properties and band structures. We have presented results for such nuclei, using the microscopic model of angular momentum projected deformed HartreeFock method. Some of our results correlate well with known experimental findings about the deformation and the spectra of these nuclei. Using our PHF model with band mixing we predict many bands (including K-isomer bands) upto high spin values. The spectra for both positive and negative parity, two-quasiparticle and four-quasiparticle bands as well as electromagnetic properties like B(E2), B(M1) of these bands are obtained. The known systematics of the band structures are given quite well with this model. These results can be useful in future experimental studies of these nuclei. As a whole our microscopic model can be very useful to study the band structure of nuclei and electromagnetic properties in this mass region to high spin values. Expt.
Calc.
150 Nd [7] , (b) Ref. [39] . The K = 1 − band of our calculation has both odd-J and even-J (unfavoured) states (see discussion in Section III B). 
